The variable region of murine immunoglobulin heavy chain (Igh) is assembled by sequential D H -J H and V H -DJ H recombination. The accessibility of the Igh locus determines the order of rearrangement. Because of the large number of V H genes and the lack of a suitable model, the epigenetic modifications of V H genes after DJ H recombination have not previously been characterized. Here, we employed two v-Abl pro-B cell lines, in which the Igh locus is in germline and DJ H -recombined configurations, respectively. The DJ H junction displays the characteristics of a recombination centre, such as high levels of activation-associated histone modifications and recombination-activating gene protein (RAG) binding in DJ H -rearranged pro-B cells, which extend the recombination centre model proposed for the germline Igh locus. The different domains of the V H region have distinct epigenetic characteristics after DJ H recombination. Distal V H genes have higher levels of active histone modifications, germline transcription and Pax5 binding, and good quality recombination signal sequences. Proximal V H genes are relatively close to the DJ H recombination centre, which partially compensates for the low levels of the above active epigenetic modifications. DJ H recombination centre might serve as a cis-acting element to regulate the accessibility of the V H region. Furthermore, we demonstrate that RAG weakly binds to functional V H genes, which is the first detailed assessment of RAG dynamic binding to V H genes. We provide a way for V H -DJ H recombination in which the V H gene is brought into close proximity with the DJ H recombination centre for RAG binding by a Pax5-dependent chromosomal compaction event, and held in this position for subsequent cleavage and V H -DJ H joining.
Introduction
The vertebrate adaptive immune system recognizes antigens that are critically dependent on the expression of a highly diverse repertoire of immunoglobulins and T-cell receptors on the surface of mature B and T lymphocytes. The genes encoding the immunoglobulin and T-cell receptor polypeptides are assembled from discontinuous variable (V), diversity (D) and joining (J) gene segments by V(D)J recombination during lymphocyte development. 1, 2 This process is initiated by the recombinationactivating gene protein (RAG) recombinase (referred to hereafter as RAG), which consists of the proteins encoded by the recombination activating gene 1 (RAG1) and RAG2. RAG1 is the principal DNA-binding component and contains three acidic amino acids (D600, D708 and E962) that are essential for DNA cleavage. [3] [4] [5] [6] RAG2 itself has limited direct contact with DNA, but enhances the catalytic activity of RAG complex by its C-terminal plant homeodomain that binds specifically to trimethylated histone H3 lysine 4 (H3K4me3). 7, 8 RAG proteins induce DNA double-strand breaks at recombination signal sequences (RSSs) flanking the V, D and J gene segments. The RSS comprises a conserved heptamer (consensus 5 0 -C ACAGTG) and nonamer (consensus 5 0 -ACAAAAACC) separated by a relatively non-conserved spacer of either 12 or 23 base pairs (known as 12RSS or 23RSS). Efficient DNA recombination requires a 12RSS and 23RSS, a restriction known as the 12/23 rule. 9, 10 After cleavage, the DNA ends are ligated by the classical non-homologous end-joining repair pathway, resulting in the junction of two coding gene segments and precise fusion of two RSS ends. [11] [12] [13] The C57BL/6 murine Igh locus spreads over approximately 2Á8 Mb, containing 4 J H , 9 D H and 195 V H gene segments, of which 110 are functional. [14] [15] [16] The V H genes span approximately 2Á5 Mb at the 5 0 end of the locus and are organized into 16 families based on sequence homology. Distal V H gene families cover approximately 1Á5 Mb of the locus with overlapping J558 and 3609 gene segments. Twelve middle V H gene families span about 700 kb. Proximal gene families occupy about 300 kb, and contain overlapping segments from Q52 and 7183 families.
14 D H to J H rearrangement is followed by rearrangement of one V H to the combined DJ H junction in pro-B cells to assemble a functional immunoglobulin heavy (Igh) chain. Three critical rules are followed by V H to DJ H recombination: (i) the initiation of V H -DJ H recombination always follows DJ H recombination; (ii) V H -DJ H recombination takes place only on one of the two Igh alleles that have undergone DJ H recombination; (iii) V H recombination occurs precisely between the V H gene segment flanking 23RSS and the 5 0 DJ H junction that flanks 12RSS. 17, 18 However, a few problems have not been illustrated, leaving several important gaps in understanding of the V H to DJ H recombination mechanism.
Previous studies have demonstrated that transcription and transcriptional control elements work in concert to generate a chromatin domain encompassing J H (and proximal D H ) gene segments that is marked by high levels of RNA polymerase II (RNAP II) and activating histone modifications. RAG2-H3K4me3 and RAG-RSS interactions lead to efficient and stable recruitment of the RAG proteins into this domain, creating a primary recombination centre to regulate D H to J H recombination in pro-B cells in which both Igh alleles are germline configuration with the germline Igh locus. 2, 19 However, what are the characteristics of the secondary recombination centre during V H to DJ H recombination? Second, V H genes are inaccessible in the germline Igh locus to support D H to J H recombination first. 20, 21 Whether V H genes become accessible will be accessed from the perspective of histone modification and germline transcription after DJ H recombination. Third, distal V H genes are located up to 1Á1 Mb away from the 5 0 -most D H gene (DFL16.1). Therefore, the pro-B cellspecific compaction of the Igh locus is responsible for bringing the distal V H genes into proximity with the rearranged DJ H junction, which critically depends on the interaction between B-cell commitment factor Pax5 and Pax5-associated intergenic repeat (PAIR) elements in the distal V H region. [22] [23] [24] [25] [26] It is necessary to analyse the influence of DJ H recombination on the accessibility of PAIR elements to reinforce the interaction between Pax5 and PAIR elements. Fourth, binding of RAG to D H and J H gene segments has previously been characterized in the germline Igh locus. 17, 19, 27 It remains unclear whether RAG binds to V H genes for initiating V H to DJ H recombination due to the lack of a suitable model and the large number of V H genes.
Here, we use chromatin immunoprecipitation (ChIP) to explore V H epigenetic modifications in two v-Abl transformed pro-B cell lines including D345 and its derivative 1C6, in which the Igh locus is in germline and DJ H -recombined configuration, respectively. Our data demonstrate that the recombination centre redistributes toward the DJ H junctions in 1C6. The majority of V H genes have elevated active H3K4me3 and histone 3 lysine 27 acetylation (H3K27ac) modifications, antisense and sense transcription in 1C6 compared with D345. Also, almost half of PAIR elements present increased Pax5 binding in 1C6 compared with D345, especially PAIR4 and PAIR7. Finally, we find that RAG weakly binds to V H genes in 1C6. Our research contributes to understanding the mechanisms of V H -DJ H recombination.
Materials and methods

Cell lines
The D345 v-Abl mouse pro-B cell line was previously prepared by infection of bone marrow cells from Bcl2 transgenic mice with the retroviral vector pMSCV-vAbl. 19 1C6 cell lines were generated by transient transfection of a RAG-1 expression vector into D345, followed by isolating a single cell clone that had undergone DFL16.1-J H 1 recombination.
17 D345 and its derivatives 1C6 pro-B cell lines were maintained in RPMI-1640 medium (Hyclone, Logan, UT) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 lg/ml streptomycin (Hyclone) and 50 lM b-mercaptoethanol (Amersco, Cleveland, OH) at 37°with 5% CO 2 .
of genomic DNA, 0Á2 lM of forward and reverse primer, and 10 ll Premix Ex Taq (TaKaRa, Shiga, Japan). Amplification conditions were as follows: 94°for 5 min; 35 cycles of 30 seconds at 94°, 30 seconds at 60°and 1 min at 72°; 72°for 5 min (BioRad, Hercules, CA). The primer sequences used for PCR are listed in the Supplementary material (Table S1) .
RAG induction and Western blot analysis
Cells were treated with 3 lM STI-571(Novartis, Basel, Switzerland) for 24 hr to induce RAG1 and RAG2 expression. 28, 29 Cell pellet was lysed in RIPA buffer [50 mM Tris-HCl (pH 8Á0), 0Á15 M NaCl, 1% Triton X-100, 0Á5% NaDoc, 0Á1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF (Amersco) and 1 lg/ml Pepstatin A (Sigma, St Louis, MO) protease inhibitors]. Cell lysates were centrifuged for 15 min at 17 000 g at 4°, and the protein supernatant was collected. Proteins were run on a 7Á5% (w/v) Tris-HCl SDS-PAGE gel, transferred to PVDF membrane (Millipore, Billerica, MA), blotted, and then probed with a-RAG1 (mAb 23), a-RAG2 (mAb 39) antibodies. 27 a-Ku80 was used as a loading control. The signal was further detected using the secondary antibody of goat anti-rabbit IgG conjugated with horseradish peroxidase (Thermo Scientific, Waltham, MA). Band signal was visualized by Immobilon TM Western Chemiluminescent HRP substrate (Millipore). Integrating optical density was analysed using GEL-PRO ANALYZER software (Media Cybernetics, Bethesda, MD) and ratios of bands are all referenced to the loading control.
Analysis of germline transcripts
Total cellular RNA was extracted from D345 and 1C6 with TRIzol Regent (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. Extracted RNA was treated with RNase-free DNase I (Roche, Basel, Switzerland) to eliminate residual genomic DNA; 500 ng of total RNA was reverse transcribed using 50 pmol random 6 mers at 37°for 15 min; 85°for 5 seconds or using 1 pmol sense or antisense primers at 42°for 15 min; 85°for 5 seconds with a PrimeScript TM RT reagent Kit (TaKaRa). Reverse transcription reactions with no added primers (NP) were used as the negative control. Real-time PCR were performed using SYBR Premix Ex Taq TM (TaKaRa) in a total volume of 20 ll containing 10 ll SYBR Premix Ex Taq (Table S1 ).
Chromatin immunoprecipitation
The ChIP procedure has been described in detail previously. 19 Briefly, 30 9 10 6 cells were cross-linked with 1% HCHO (Sigma) for 13 min at room temperature, and the reaction was terminated with 0Á125 M glycine. After centrifuging at 900 g for 3 min at 4°, the precipitate was washed, resuspended in RIPA buffer [10 mM Tris-HCl (pH 7Á4), 1 mM EDTA (pH 8Á0), 0Á1% sodium deoxycholate, 0Á1% SDS, 0Á8 M NaCl, 1% Triton X-100] and sonicated using Bioruptor TM UCD-200 (Diagenode, Seraing, Belgium) to obtain DNA of 300-500 bp. After preclearing the chromatin with Dynabeads Protein G beads (29) (Invitrogen), an aliquot (5 9 10 5 cell equivalents) was set aside as the input sample. Chromatin from 5 9 10 6 cells was then incubated with 5 lg specific antibody or normal IgG for overnight at 4°. Immune complexes were pulled down with Dynabeads Protein G beads (29) (Invitrogen). After reversal of cross-links and purification of the DNA, qPCR was performed using SYBR Premix Ex Taq TM (TaKaRa) with Mx3000 thermocycler (Agilent Technologies). The primer sequences used for qPCR are listed in the Supplementary material (Table S1 ). Input samples were diluted so that each IP and input sample would give approximately equal qPCR signals. Using standard curves generated for each region analysed in each experiment, the amount of DNA recovered in immunoprecipitates and the input chromatin was calculated. ChIP-qPCR signals were expressed as the following equation: (IP/Input corr )/positive control = (((IP specific antibody ÀIP IgG )/Input) 9 1000)/positive control. 19, 30 ChIP experiments were performed with antibodies for RAG1 (mAb 23), RAG2 (mAb 39), H3K4me3 (Millipore, #07-745), H3K27ac (#ab4729; Abcam, Cambridge, UK), Pax5 (#sc1974x; Santa Cruz Biotechnology, Santa Cruz, CA), normal goat IgG (#sc2346; Santa Cruz) and normal rabbit IgG (Millipore, #12-370).
Statistical analysis
Statistics were performed using the SPSS 18Á0 statistical software package (SPSS Inc., Chicago, IL). For continuous variables, descriptive results were presented as mean AE SEM. Two-sample t-tests can be used to analyse the explanatory variables from two groups including D345 and 1C6. Multiple comparisons among different genes or domains in each group were evaluated by oneway analyses of variance (ANOVA) with post-hoc Fisher's LSD test. The normal distribution (Kolmogorov-Smirnov and Shapiro-Wilk statistics, P > 0Á05) and the equality of the variance (Levene's test, P > 0Á05) of the data should be confirmed before conducting the ANOVA. Both the assumptions of a normal distribution and equality of the variance of the data are of most importance when the sample size is small (< 10). 31 A P-value < 0Á05 was considered statistically significant.
Results
Experimental strategy to study the epigenetic modifications of V H region after DJ H recombination
In this study, we used two v-Abl transformed pro-B cell lines with different Igh locus configurations. The D345 cell line is deficient endogenous RAG1 and harbours a bacterial artificial chromosome expressing a RAG1 mutant (D708A), which retains the normal ability of interaction with RAG2 and DNA binding but lacks catalytic activity. 17, 19 Two alleles of the Igh locus in D345 are the germline configuration and have no recombination. The D345 derivative 1C6 cells have a DFL16.1-J H 1 rearranged allele and a germline allele (Fig. 1a,b ). D345 and 1C6 cells were treated with the Abl kinase inhibitor (STI-571), leading to a rapid induction of RAG expression, which enabled us to analyse RAG binding to Igh locus (Fig. 1c,d ). These two experimental cell lines are the plausible models for us to compare the epigenetic state of the V H region in DJ H rearranged Igh with the germline Igh locus.
DJ H junction displays characteristics of secondary recombination centre after DJ H recombination
To analyse the localized epigenetic state of the DJ H junction, ChIP assays were performed with antibodies against activation-related histone modifications, such as (Fig. 2a,b) . We sought to further determine whether changes in histone modifications were able to recruit RAG1 and RAG2 at the DJ H junction. It can be observed from Fig. 2(c,d ) that levels of RAG1 and RAG2 at the DFL16.1-J H 1 junction were higher than the unrearranged J H genes in 1C6 ( §P < 0Á05 compared with DFL16.1-J H 1). In addition, the peaks of activation-related histone modifications and RAG binding were distributed across the J H genes in D345 (*P < 0Á05 compared with a-actin), which was basically consistent with previous findings about the germline primary recombination centre. 19, 27 Only the density of RAG1 at the J H 2 gene was greater in 1C6 (#P < 0Á05 compared with D345) (Fig. 2c) . The density of H3K4me3, H3K27ac, RAG1 and RAG2 at other J H genes in 1C6 was equal to or lower than in D345 (#P < 0Á05 compared with D345) (Fig. 2) . These results indicate that the DFL16.1-J H 1 junction serves as a secondary recombination centre in 1C6, which prepares for initiating V H recombination.
Histone modifications of V H genes after DJ H recombination
Post-translational modifications of histone influence on chromatin state. The common features of 'openness' chromatin are characteristically modified by activationassociated acetylation and methylation. 7, 8, 32, 33 We first sought to detect the levels of H3K4me3 and H3K27ac at each V H gene in D345 and 1C6. The V H region was subdivided into distal, middle and proximal domains previously (Fig. 3a) . 34, 35 Members of three V H domains are summarized in the Supplementary material (Table S2 ). Due to homologous sequences, 69 primer pairs were designed within individual V H coding region and the products cover almost all 110 functional genes and a few pseudogenes. We initially focused on the H3K4me3 modification state of V H genes. In the distal domain of the V H region, 25 of 34 V H genes exhibited up-regulated H3K4me3 modification in 1C6 (#P < 0Á05 compared with D345), which included 20 V H genes from J558 family, 4 V H genes from 3609 family and VH10Á3Á91 of VH10 family (Fig. 3b) . More than half (16 of 24) of the V H genes analysed in the middle domain exhibited raised H3K4me3 modification in 1C6 (#P < 0Á05 compared with D345) (Fig. 3c) . Such increases were found at almost all members of 7183 family except 7183Á14Á25 and Q52Á11Á34 of Q52 family in the proximal domain in 1C6 (#P < 0Á05 compared with D345) (Fig. 3d) . The mean levels of H3K4me3 modifications in 1C6 increased in each domain (#P < 0Á05 compared with D345), especially distal domain ( §P < 0Á05 compared with distal) (Fig. 3e) . We next addressed the H3K27ac modification of V H genes. As can be seen, 30 of 34 V H genes analysed in the distal domain and 11 of 24 V H genes analysed in the middle domain had elevated H3K27ac modification in 1C6 (#P < 0Á05 compared with D345) (Fig. 4a,b) . All members of 7183 family in the proximal domain were abundant in H3K27ac modification in 1C6 (#P < 0Á05 compared with D345) (Fig. 4c) . The mean levels of H3K27ac modifications in 1C6 increased in each domain (#P < 0Á05 compared with D345), especially the distal domain ( §P < 0Á05 compared with Distal and ΦP < 0Á05 compared with Middle) (Fig. 4d) . The changing trends of H3K4me3 and H3K27ac among three domains in D345 were basically consistent with 1C6 (Figs 3e and 4d) . These studies suggest that active histone modification levels of V H genes in each domain increased after DJ H recombination, especially the distal domain, arguing that histone modifications of the distal and proximal V H genes are differentially regulated.
Increased antisense and sense transcription of V H genes after DJ H recombination
The accessibility hypothesis proposes that germline transcriptions are associated with open chromatin. [36] [37] [38] [39] To determine whether V H germline transcription contributed to regulate V H gene accessibility after DJ H recombination, we detected germline transcriptions of V H genes from J558 family (V H J558) at the 5 0 end of the V H region, VGAM3Á8 family (V H VGAM3Á8) in the middle of the V H region and 7183 family (V H 7183) at the 3 0 end of the V H region as previously reported. 22, 38, 40 We performed reverse transcription on total RNA from D345 and 1C6 using random primers, sense and antisense gene-specific primers, the latter two of which are located in the 5 0 of the V H genes leader exon (orientation toward the C H region) and 3 0 of the RSS (opposite orientation toward the C H region), respectively (Fig. 5a) . Total transcription levels of V H J558 and V H VGAM3Á8 increased significantly in 1C6, especially V H J558 (*P < 0Á05 compared with D345 and #P < 0Á05 compared with V H J558) (Fig. 5b ). Antisense transcripts of V H J558 increased about 10-fold in 1C6 (*P < 0Á05 compared with D345). Moreover, antisense transcription of V H VGAM3Á8 also elevated in 1C6, but much less than V H J558 (*P < 0Á05 compared with D345 and #P < 0Á05 compared with V H J558) (Fig. 5c) . Sense transcription levels of V H J558 and V H VGAM3Á8 were greater in 1C6, especially V H J558 (*P < 0Á05 compared with D345 and #P < 0Á05 compared with V H J558) (Fig. 5d) . However, germline transcription of V H 7183 was detectable at extremely low levels or negligible in D345 and 1C6 (#P < 0Á05 compared with V H J558) (Fig. 5b-d ).
Antisense and sense transcription levels of V H genes increased after DJ H recombination, especially the distal V H gene, which indicates that germline transcription might involve the regulation of the distal V H gene accessibility after DJ H recombination.
Epigenetic modifications of PAIR elements in the distal V H intergenic region after DJ H recombination
Pax5 mediates Igh locus contraction mainly via the interaction with PAIR elements. 22, 41 There are 14 PAIR elements in the distal V H intergenic region (Fig. 6a and after DJ H recombination, we analysed the histone modification status of 14 PAIR elements in D345 and 1C6, respectively. As shown in Fig. 6(b) , PAIR14, PAIR12, PAIR10, PAIR8, PAIR6, PAIR5, PAIR4, PAIR3, PAIR2 and PAIR1 displayed higher levels of H3K4me3 in 1C6 (#P < 0Á05 compared with D345). Moreover, PAIR11, PAIR10, PAIR6, PAIR4, PAIR3 and PAIR2 also had H3K4me3 modifications in D345 (*P < 0Á05 compared with a-actin) (Fig. 6b) . Almost all PAIR elements except PAIR13 and PAIR9 were rich in H3K27ac in both D345 and 1C6 (*P < 0Á05 compared with a-actin). A greater abundance of H3K27ac was evident in PAIR14, PAIR13, PAIR8 and PAIR7 in 1C6 (#P < 0Á05 compared with D345) (Fig. 6c) . Furthermore, all but PAIR14, PAIR11, PAIR9, PAIR5 and PAIR1 in D345 and all PAIR elements in 1C6 displayed increased Pax5 binding (*P < 0Á05 compared with b-globin), whereas there was more enrichment for Pax5 in the PAIR14, PAIR7, PAIR6, PAIR5, PAIR4 and PAIR1 in 1C6 (#P < 0Á05 compared with D345) (Fig. 6d) . Notably, the sites bound by Pax5 usually had H3K4me3 or H3K27ac modification, not vice versa.
Enhanced interactions between Pax5 and PAIR elements imply that the Igh locus undergoes a higher degree of contraction in DJ H recombined than germline Igh locus.
Evaluation of V H RSS quality
Endogenous RSSs exhibit considerable sequence variation and some of these variations, particularly in the spacer and nonamer, are expected to substantially affect RAG binding affinity. 2 To evaluate the quality of RSS of individual V H genes, we used a publically available program (http://www. itb.cnr.it/rss/analyze.html) that can predict RSSs and calculate RIC (RSS information content) scores. It has been demonstrated that there is a good correlation between RIC (RSS information content) score and the RSS functionality. 42 All predicted 23RSS sequences and RIC scores for 195 V H genes covering all members of 16 V H families were displayed with three domains (see Supplementary material, Table S2 ). There were 150 genes with passing RIC scores. Comparing the mean RIC scores of passing V H genes among three domains, the data manifested that the mean RIC of the distal domain was higher than that of the proximal domain (*P < 0Á05 compared with Distal and #P < 0Á05 compared with Middle) (see Supplementary material, Fig. S1 ). Our results indicate that distal V H genes have much better RSS than proximal V H genes.
Binding of RAG to V H genes after DJ H recombination
To confirm whether an accessible chromatin configuration was associated with the recruitment of RAG1 and RAG2, we used ChIP to locate RAG1 and RAG2 on V H genes after DJ H recombination. All but J558Á49Á141, J558Á23Á113, VH15Á1Á95, VH10Á3Á91 and J558Á1Á85 genes of the distal domain and 14 of 24 V H genes in the middle domain had raised RAG1 binding in 1C6 (#P < 0Á05 compared with D345) (Fig. 7a,b) . In contrast, almost all the proximal V H genes examined except Q52Á5Á13 showed elevated RAG1 binding in 1C6 (#P < 0Á05 compared with D345) (Fig. 7c) . The mean levels of RAG1 binding increased in each domain in 1C6 (#P < 0Á05 compared with D345). Moreover, the peak levels and the lowest levels of RAG1 binding were observed in the distal and middle domain in 1C6, respectively ( §P < 0Á05 compared with Distal; ΦP < 0Á05 compared with Middle) (Fig. 7d) .
Our results exhibited that RAG2 bound highly to 38 of 58 V H genes in the distal (22 of 34) and middle (16 of 24) domains in 1C6 (Fig. 8a,b) . All V H genes of the proximal domain except 7183Á20Á37 had greater RAG2 binding in 1C6 (#P < 0Á05 compared with D345) (Fig. 8c) . The mean levels of RAG2 binding increased from low to high following an order from distal and middle to proximal domain in 1C6 (#P < 0Á05 compared with D345;
§P < 0Á05 compared with Distal; ΦP < 0Á05 compared with Middle) (Fig. 8d) . These findings suggest that RAG1 and RAG2 are capable of binding to most V H genes after DJ H recombination, which provides insights into the formation of the V H to DJ H synapsis to participate in the second step of Igh locus assembly.
Discussion
The Igh locus undergoes multiple levels of regulation to ensure sequential D H to J H and V H to DJ H recombination. Previous work from Subrahmanyam et al. and Ji et al. 17, 19 has documented the epigenetic modifications of the D H and J H regions but not the V H region in germline Igh locus to regulate D H to J H recombination. Our system provides a unique opportunity for studying the epigenetic state in the V H region after DJ H recombination at the pro-B stage of B-cell development. Here, the DJ H junction displays two hallmarks of recombination centres: (i) highly rich in activating histone modifications, such as H3K4me3 and H3K27ac; (ii) focal RAG binding at DJ H junction. The J H region serves as a primary recombination centre to initiate D H to J H recombination, and DJ H junction as secondary recombination centre to drive V H to DJ H recombination. Our results extend the recombination centre model proposed for germline configuration to the DJ H -recombined Igh locus.
Gene segment rearrangement occurs only when the chromatin becomes permissive to bind RAG proteins. 2, 43 Maman and colleagues show that RAG2 binding is correlated with H3K4me3, whereas RAG1 binding is depended on RAG2-plant homeodomain-H3K4me3 interaction and accessible RSS including high transcription, H3K9ac and H3K4me3 44 . No direct assessment of H3K27ac modification in Igh locus has previously been performed. In this study, H3K27ac is taken as an evaluation index of elements in pro-B cells. 22 In our study, we compare the epigenetic state of PAIR elements in DJ H -rearranged Igh with the germline Igh locus and find that most of the PAIR elements become more activated and the levels of Pax5 binding to those PAIR elements rises after DJ H recombination, implying that the V H region might undergo a high-degree of compaction. Indeed, the above modifications are also observed in a few V H genes of D345, but the occurrence order of V H recombination is strictly limited before DJ H recombination. Further research on the regulation mechanism of the DJ H junction to V H accessibility is anticipated.
Chromatin accessibility of the immunoglobulin loci is regulated by cis-acting elements (promoter or enhancer). A common feature of active promoter or enhancer is that characteristically modified by H3K4me3 or H3K27ac, respectively. 45, 46 DJ H junction exhibits much greater H3K4me3 and H3K27ac modifications than other portions of the Igh locus, which indicates that the DJ H junction might serve as a cis-regulating element for promoting V H gene accessibility. We speculate that the compaction of the distal V H region brings the promoter of V H genes close to the DJ H junction. Then, the DJ H junction influences the transcription of V H gene segments in sense and antisense directions and also sculpts regional patterns of histone modifications on each cluster of gene segments.
For a gene segment to recombine, it is essential that the RAG complex can bind to its RSS. 2 Our results predict that the distal domain has better quality RSS. Choi et al. and Bolland et al. previously focused on calculating the recombination frequency of all V H genes from the final VDJ H recombined results in CD19 + wild-type bone marrow cells through next-generation sequencing or VDJseqencing, but this ignores the original question about whether RAG binds to V H genes. 35, 47 Our study is the first detailed assessment of RAG dynamic binding to V H genes by ChIP-qPCR, which is a much more real-time and direct method. RAG not only binds to the DJ H junction, but also is capable of binding to V H genes. However, the levels of RAG binding to V H genes are far lower than to the DJ H junction. We favour the idea that a cell always selects one of the 195 V H genes to recombine with the DJ H junction, which maximizes the heterogeneity of cell clones and may be the cause of the low level of RAG binding to the V H gene. We propose a V H -DJ H recombination model in which V H genes are brought into close proximity with the DJ H recombination centre for RAG binding, and held in position for subsequent cleavage, processing and V H -DJ H joining.
In conclusion, we provide a plausible model for studying V H epigenetic state after DJ H recombination. Moreover, our results extend the recombination centre model proposed for germline to DJ H -recombined Igh locus. The DJ H recombination centre might remodel the V H region to increase V H accessibility. Distal and proximal V H domains present different epigenetic regulation mechanisms after DJ H recombination. The distal domain has higher levels of active histone modification, antisense transcription, Pax5 binding and good quality of RSS, whereas the proximal domain is relatively devoid of the above active epigenetic modifications, but is adjacent to the DJ H recombination centre. RAG proteins weakly bind to V H genes, arguing that V H to DJ H rearrangement occurs at the DJ H recombination centre, which is the requirement for ultimate recombination. Our study provides valuable mechanistic insights for V H -DJ H recombination.
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